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Abstract 

A  final  report  on   a  project  coadtscted  by  tha  Joint  Highway 
Research  Project  at  Purdue  University  in  cooperation  with  the 
Indiana  State  Highway  Coanilssiou  and  the  Federal  Highway 
Adniiaietration  entitled  "Performance  of  Ultrasonic  Equlpaent 
for  Paveoent  Thickness  Measureaent  and  Other  Highway  Applications." 
A  progress  report,  JHKP  Ho.  14,  July  1968,  dealt  with  the 
evaluation  of  the  equipaieBC  for  paveaeat  thickness  measureoents. 
A  condensation  of  said  report  is  included  as  part  of  this 
final  report. 

Th£  equipiaent  used  was  a  soniscope  and  an  associated 
frequency  generator  and  counter  for  detersdnlng  resonant 
frequency  through  the  depth  of  the  pavessent  sl@bc  It  was  con- 
cluded that  the  equipment  is  not  satisfactory  for  measuring 
pavement  thickness. 

In  considering  other  applications  it  was  found  to  be  useful 
tn  dete^isdning  the  continuety  of  concrete  in  a  structure  such 
an  in  a  survey  of  a  bridgs  deck  to  detensine  areas  with 
dtsteriorated  concrete  or  incipient  spalling. 

Use  of  pulse  velocity  for  evaluating  quality  of  fresh 
concrete  was  investigated  and  was  not  found  promising  for  practical 
control  of  concrete  in  constructions. 

A  laboratory  investigation  of  the  effect  reinforcing  steel 
has  on  pulse  velocity  measurements  was  conducted  with  steel 
varying  froai  0  t©  6  percent  of  the  volume.  It  was  concluded 
tlist  reinforcing  steel  does  not  influence  pulse  velocity  when  the 
pulse  measuring  path  crossas  the  steel  as  would  usually  fee  the 
ease  in  reinforced  concrete  columns,  slabs  and  beans. 


This  psoject  was  codducted  ia  order  to  tefst  aad  evaluate 
two  pieces  of  eqijiptDe&t,  t:he  Jaiaes  Model  C-4960  Ultrascaic 
y~Scope,  aad  the  Model  C-4959  UlfcrasoEilc  E-Meter  with  accessory 
equipmenS:  for  eAca  (ae  supplied  by  JeM&n   ElectroaicSj  Inc. 3 
4050  Norch  S0cki#ell  Street,  Chicago,  Illlinois). 

Xhe  V~Sc.ope  measures  pulse  velocity  and  is  what  is 
conventiotu^lly  called  s  eoalBCope  in  the  literatures,  i'i-,2, 
3s4).  The  E~I!teter  ia  a  frequency  seueretor  with  s  digital 
displ^i^r  which  dim.   e&silj  be  connectiBd  to  the  V~scope 
to  utilise  the  csfchod^  tvit&   of  the  V-scope  for  identificstioa 
of  resonisat  frequencies. 

The  prliaary  purpose  waa  to  measure  its  usefulness , 
accuracy  asad  east  when  used  jointly  as  a  sueaas  of  noa- 
destructivsiy  determlnicg  pavetaeat  thickcesso  k   careful 
cofflfsasisoa  w«js  jeade  of  thickseBses  determined  by  this  non- 
destructive procedure  to  that  of  both  knowa  psvemeat  thickaesses 
and  that  obtained  by  conveutioraal  procedures  (core  drilling) 
on  actiKitl  paveiaeatSo 

A  secondary  purpose  was  to  consider  potential  uses 
of  this  sasBS  equlpiaeut  for  other  highway  uses.  The  other 
Applications  were  aliBost  esclusiveiy  confined  to  those  associated 
with  cencrete.  Other  highway  materials  (with  the  eyxeption 
of  rock  aad  wood)  are  not  amenable  to  taeaniagful  field  test« 
with  these  two  instrumeats.  This  does  aot  necensarily  preclude 
similar  types  of  instruKents  from  having  application  to  such 
materials. 
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Pavement  Thickness  bfeasureaiente 

The  resolts  of  the  "Evaluation  of  the  Performance  of 
Ultrasonic  Equlfsieat  for  Psveaent  Thickness  ileaaureaients" 
was  reported  in  &  progress  report  vith  that  title  by  C.F. 
Scholer  and  K.D.  Favlovich  in  July  1968.  They  are  repeated 
in  a  slightly  revised  fona  in  this  final  report  however 
readers  wishing  to  study  the  tabulations  of  data  should 
re  fer  to  the  appendices  of  the  July  1968  progress  report. 

The  pulse  velocity  and  longitudinal  resonant  frequency 
in  the  thickaese  direction  are  determined  by  use  of  the  ul- 
trasonic eqtaipBent.  T&lcknees  is  calculated  by  the  relationship 

proposed  by  Muenow,  (5)        „ 

P 


2«R 
idaere         t  »  slab  thickness  (an  average  over  an  area 

appro3d.jRasely  3  f^et  in  diameter) 

V_  •  pulse  velocity  through  the  slab 

K^  «  longitudinal  resonant  frequency  of  the  slab 

Field  pt)wer  (120  V  a.c.)  was  provided  fay  installing  an 

a, Co  inverter  in  a  small  ststion-tfagoB  type  van  thus  establishing 

a  iBobile  and  completely  self  contai.ned  taxit. 

Two  series  of  tests  are  reported j  one  set  consists  of 

seasuretnents  of  thickness  of  control  slabs  at  the  XSHC  Research 

Training  Center  and  the  ether  set  was  run  on  actual  pavement 

slabs  in  the  field. 

Figyre  i  shows  the  arrengement  and  acutal  thicUnesa  of 

control  slabs  at  the  Research  And  Training  Center. 
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Field  test  locatioias  were: 

1 .  1-465 ;  Indianapolis 

2.  U.S.  40;  Xerre  Haute 
3.,  U.S.  50;  Vereaillee 

4.  1-70;  Knightstoini 

5.  1-65;  Haiibstadt  ^ 
Smile  thickaees  meaaureinents  of  pavenent  slabs  vexe  compared, 
at  the  site,  with  ISHC  cores  that  were  taken  from  the  same 
location. 

Sumnary  of  Results  and  Coaclualons 

The  technique  used  does  not  consistently  provide  sufficient 
precision  to  justify  use  as  a  laeaus  of  determining  thickness 
cf  pavement  slabs.  The  influence  of  the  base  course  is  a 
factor  in  the  applicability  o£  the  technique. 

Figure  2  shows  e  best  fit  line  through  data  obtained 
from  test  slabs  and  Figure  3  shows  cumulative  number  of 
tests  versus  percent  error  for  all  tests  conducted. 

It  should  be  noted  that  only  about  40  percent  of  the  tests 
provide  precision  of  +  5  percent;  this  error  amounts  to  a 
deviation  of  oae  half  inch  for  a  ten  inch  pavement  slab. 
Figure  4  shows  a  plot  of  sonic  fchickness  versus  actual  thickness 
for  all  measurements.  +  5  percent  limits  are  included  to  show 
scatter  of  these  data. 

Table  I  is  a  tabulation  of  reduced  data  from  the  test 
slabs  and  Figure  5  Is  a  plot  of  average  sonic  thickness  versus 
actual  slab  thickness. 
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TABLE  I 

INDIVIDUAL  TEST  SLAB  DATA 
n   «  no.  obsezvatlocs 
tg  =  average  sonic  thickness 

n  (n-1) 


Slab 

n 

8 

=^s 

^^ 

\h 

(Ave.) 
ts 

Range 

6.9 

10 

483.48 

69.4 

0,20 

0.45 

6.9 

6.1  - 

7.7 

8.3 

12 

753.31 

94-9 

0.26 

0.51 

7.9 

7.1  - 

8.9 

9.0 

12 

1016.21 

110,1 

0.55 

0.74 

9.2 

8.1  - 

10.5 

9.2 

6 

644.35 

62.1 

0.32 

0.57 

10,4 

9.5  - 

11. 1 

9.4 

6 

634,99 

61.5 

0.92 

0.96 

10.2 

8,6  - 

11.2 

10.2 

26 

2871.99 

272.5 

0.63 

0.79 

10.5 

8.8  - 

12.2 

10.3 

8 

993.29 

89.1 

0.13 

0.36 

11.1 

10.7  - 

11.8 

il.2 

14 

1809.21 

158.9 

0.44 

0.66 

11.4 

10.0  - 

12.3 

Discussion 

A  brief  introduction  to  the  principles  o£  operation  of 
this  equlpnent  is  indtsded  to  show  why  errors  are  introduced 
and  perhaps  how  these  caa  be  overcoae. 

Thickness  determination  is  based  on  measuring  two  paraneters: 
pulse  velocity  and  slab  resonant  frequency.  Pulse  velocity 
is  the  speed  that  sound  travels  through  a  material  and  resonant 
frequency  is  that  condition  where  the  slab  will  have  a  maximum 
vibration  for  a  given  force.  There  are  three  basic  resonant 
frequencies:  longitudinal,  flexural,  and  torsional.  We 
measured  the  longitudinal  resonant  frequency  in  the  thickness 
dimension. 
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The  heart  of  the  measuring  systea  is  a  transducer  that  will 
convert  sechanical  energy  (vibrations)  to  oeaaurable  electrical 
energy  or  vice  versa.  Piezoelectric  crystals  (Rochelle  salts 
in  this  equipment)  exhibit  the  property  that  when  coa^ressed 
they  emit  an  electrical  impulse.  Conversely  vhen  an  electrical 
charge  is  icpcsed  on  the  crystal,  it  responds  by  dilating 
or  GOB^resaiag.  The  equipiaent  then  functions  by  detecting 
and  aeasurlng  the  current  emitted  from  the  crystals  or  by 
electrically  exciting  these  crystals  thus  causing  them  to 
vibrate. 

One  other  property  of  a  piesoelectric  material  worthy 
of  note  is  the  Curie  point.  At  some  temperature,  dilations 
or  coaqpression  of  the  crystal  will  produce  no  current  or  it 
will  be  so  low  as  to  not  be  measurable  with  ordinary  amplification. 
If  the  Curie  point  is  suf aciently  above  normal  operating  con- 
ditions no  problems  of  loss  of  sensitivity  arise.  However, 
the  transducers  for  the  instruaents  used  for  this  study  commenced 
to  show  losses  in  response  at  temperatures  above  90  F.  Solution 
of  this  problem  consisted  of  artificial  cooling  by  simply 
storiug  in  an  ice  chest  when  not  in  use  and  by  using  cooled 
couplant  fluid.  There  are  also  synthetic  piezoelectric  saatsrials 
that  have  Curie  points  at  temperatures  considerably  higher 
than  those  which  would  be  encountered  on  highway  pavements. 
Their  use,  however,  is  limited  because  of  their  low  power 
efficiency. 
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Pulse  ^«loclty  is  determined  by  placing  driving  snd 
receiving  transducers  a  known  distance  apart  and  neasuring 
the  ties,  in  Dlcroseconds,  it  takes  a  pulse  to  travel  between 
them  tliro»gh  tk&  concrete. 

The  "'?~Scope"  functioned  very  well  and  provided  good» 
reproducible  ateasureisents  of  the  pulse  velocity  of  concretes. 
It  should  he  Btentionad  Chat  pulse  velocity  of  concrete  is  a 
function  of  several  variables  including  icoisturs  content, 
paste  aggrt^.gate  r^itio,  air  content,  type  of  aggregates  paste 
porosity  and  deterioration  of  the  concrete.  Therefore,  one 
cannot  assuas  that  pulse  velocity,  once  determined,  will 
re-jGAin  a  constant  valtiie  throughout  a  pavement. 

The  other  paraiseter,  resonant  frequency,  is  not  as  simple 
to  detersine  as  is  pulse  velocity.  The  concept  of  resonance 
as  applied  to  (>ave»ent  slabs  is  as   follows: 

Resonance  is  measured  by  drivixtg  and  receiving  transducers 
placed  side  by  side  on  the  surface.  By  means  of  a  variable 
frequency  generator  the  driv:-ng  transducer  excites  through 
a  frequency  spectrum  from  2  to  20  KC  and  concurrently  the 
receiving  transducer 'a  output  is  monitored  for  aaxinBiH  response 
indicative  of  the  slabs  masioum  amplitude  of  vibration. 

The  determination  of  resonant  frequency  with  this  technique 
was  most  difficult.  The  correct  identification  of  the  true 
resonant  frequency  of  the  actual  slab  thickness  was  often  masked 
by  too  many  spurious  responses  through  the  frequency  rang 3. 
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The  cause  of  the  spurious  responses  is  believed  to  be  the 
transducers  which  theoselves  be^e  resonaot  frequencies  of 
their  own  depending  upon  their  size  and  shapes 
Operation  aad  Kainteasnce  la  tha  ?ield 

The  electrical  portion  of  this  tseasuring  syetem  is  very 
stable,  portable  and  rugged.  Mechanical  and  electrical  mal- 
functions were  rare,  sinor,  and  easily  repaired.  Exposure  to 
field  conditions  and  field  use,  sscept  for  the  transducers 
teaperature  susceptibility,  presented  no  probleia  to  adequate 
functioning  of  the  instruoentSo 

Operation  of  the  instruoents  is  siisple  and  should  be 
able  to  be  taught  to  a  technician  in  a  oatter  of  three  or  four 
hours.  Interpretation  of  output  from  the  cathode  ray  tube 
for  both  instrunents  is  easily  interpreted  with  the  esceptlon 
of  the  spurious  resonant  responses. 
Core  Saayliag  and  Scale  Techalques  Coapared 

Due  to  variations  in  determining  resonant  frequency, 
four  sonic  seasures^nts  vere  tsade  at  each  core  location.  Tiiaes 
for  asaking  sonic  determinations  were  about  the  same  as  those 
involved  in  obtaining  a  core  sample  with  the  drill  craw  occasion- 
ally working  faster  on  green  concrete  or  on  those  with  softer 
aggregates.  It  is  the  opinion  of  the  investigators  that  without 
the  difficulties  encountered  in  identifying  the  true  resonant 
frequsflcy  of  the  slab  thickness,  production  rates  could  be 
from  three  to  five  times  that  of  conventional  drilling  operations. 
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The  sonic  siethods  £olloved  involved  two  persons  and  one 
vehicle  whereas  core  saoplisg  includes  two  to  three  persons, 
a  drill  rig  plus  one  to  two  other  vehicles.  It  is  cot  necessary 
.  for  the  vehicle  on  the  sonic  method  to  be  on  the  paveiaeut 
thus  enabling  earlier  thickness  deterainations. 

It  was  observed  that  if  a  second  core  was  obtained  within 
a  relatively  close  distance  to  the  first,  say  three  or  four 
feet,  differences  of  one  half  inch  between  core  lengths  could 
be  measured.  Sonic  gear  on  the  other  hand  averages  the  thickness 
of  a  circle  of  approxiioately  three  feet  in  diasaeter. 
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Other  Highway  Applications 
Resonant  Frequency  Tests  and  Determination  of  Dynamic  Youngs  Modulus 

The  £~Meter  serves  as  an  excellent  frequency  generator  and 
readout  hence  when  used  in  conjunction  with  the  cathode  tube  in 
the  V-Scope  it  may  conveniently  be  used  to  perform  Tests  for 
Fundamental  Frequencies  of  Concrete,  ASTM,  C-215.  These  results, 
as  described  in  the  ASTM  C~215,  may  be  utilized  to  calculate  the 
dynamic  Young's  modulus  of  elasticity  of  a  specimen  providing 
that  the  size  and  weight  of  the  specimen  are  accurately  known, 
a  reasonable  value  for  Poisson's  ratio  assumed  and  diraeaslons 
are  of  proper  proportions  for  the  test  procedure. 

The  V-Scope  provides  the  pulse  velocity  measurement 
which  may  also  be  used  to  determine  the  dynamic  Youngs  modulus 

as  discussed  by  Whitehurst  (6)  and  using  an  equation  first 

2 
proposed  by  Long  et  al  (7),  E  »  V  p  (1-6-  u)  (1  -  2m)  (1  ~  p) 

where  £  «  dynamic  Young's  modulus  of  elasticity,  V  «  longitudinal 

pulse  velocity,  p  «  density  and  y  «  Poisson's  ratio.  The 

advantage  of  using  pulse  velocity  for  determination  of  E  is 

that  it  is  not  limited  to  specimens  heace  can  be  used  in  the 

tield  as  a  truly  non-destructive  method  of  evaluating  a 

mechanical  property  of  a  material  in  the  direction  through 

which  the  pulse  travels. 

This  points  out  that  for  a  material  such  as  wood,  whose 

E  differs  depending  upon  the  orientation  of  its  structure, 

different  pulse  paths  enable  each  of  the  different  E  values 

to  be  measured.  This  has  considerable  use  in  evaluating  wood 

structures . 
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Pulse  Velocity  aa  a  Measure  of  Concrete  Quality 

Pulse  velocity  is  &   function  of  the  concrete's  dynandc 
Young's  modulus  of  elasticity  and  of  the  continuity  of  the 
concrete.  Compressive  strength  and  modulus  of  elasticity 
of  concrete  are  separate  properties  hence  one  cannot  accurately 
be  predicted  from  the  ether.  At  lease  not  insofar  as  pulse 
velocity,  as  a  function  of  the  modulus  of  elasticity,  being 
a  satisfactory  prediction  of  compressive  strength  (2,6)  <> 

Even  with  the  compressive  strength  not  being  predictable 
by  pulse  velocity  the  prospect  existed  that  ptilse  velocity 
might  be  a  rapid  and  non-destructive  field  measure  of  concrete 
quality  and  uniformity.  This  would  require  thii  pulse  velocity 
being  previously  correlated  in  a  laboratory  for  a  mis  of 
the  same  proportion.  This  possibility  of  this  use  of  the 
equipment  warranted  a  laboratory  investigation. 

The  investigation  was  designed  to  show  if  deviations 
in  the  mix  proportion  could  be  easily  ascertained  in  either 
the  fresh  or  hardened  condition  of  the  concrete.  The  mix 
proportions  are  given  in  Table  2.  All  concretes  were  without 
entrained  air,  made  with  Type  I  cement  from  the  same  mill 
grind  and  the  coarse  aggregate  was  gravel  of  laboratory 
identification  79-lG  as  was  the  sand.  All  mixing  was  done 
In  a  l^s  cubic  foot  pan  mixer. 

Mixes  A,  B,  and  C  investigate  effect  of  variations  in 
the  proportioning  of  the  aggregate.  Design  mix  A  is  a 
conventional  six  bag  mix  while  mixes  B  and  C  have  greater 
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proporCioQS  of  sand.   B  Is  50  percent  sand  and  50  percent 
coarse  aggregate  vhile  C  has  37  percent  co&rse  aggregate  and 
63  percent  sand  a  reversal  of  the  proportion  in  mix  A. 

Mixes  A,  D,  E,  and  F  have  the  coarse  aggregate  constant 
while  the  cement  content  is  varied.  Since  the  water  content 
remains  the  same  the  water  cement  ratio  varies  from  0.80 
in  mix  0  to  0.43  in  mix  ?.  Sand  quantity  was  adjusted  for 
changes  in  quantity  of  cement. 

Mix  G  is  a  high  temperature,  35°C,  repeat  of  mix  A. 

Pulse  transmissions  were  made  through  the  cylinder 
from  top  to  bottom.  Paraffin  coated  paper  molds  with  metal 
bottom  caps  were  used  and  conformed  to  requirements  of  ASXM 
C470-&77.  With  the  equipment  of  this  study  it  was  not 
possible  to  make  pulse  measurements  throughout  the  early 
period  of  hydration  however  at  the  approximately  3  hours 
age  it  hecame  possible  to  me<isure  a  pulse  transmission  time. 
Modification  of  the  equipment  for  this  purpose  might  allow 
for  determination  of  pulse  velocity  at  any  age  from  time 
of  molding. 

The  results  of  the  pulse  transmission  time  measurements 
are  given  in  Tab lee  3  through  9.  Three  or  four  specimens  from 
each  batch  were  used  for  time  measurements  in  the  first  24 
hours.  At  later  ages  lesser  numbers  from  each  batch  were 
tested. 
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The  transmission  times,  in  microseconds,  follow  a  definite 
pattern  with  the  time  diminishing  (velocity  increasing) 
with  tiae.  A  typical  curve  for  this  change  is  shown  in 
Figure  7  with  the  average  of  the  transmission  times  used  to 
determine  the  pulse  velocity  for  each  batch  plotted  veirsus 
the  log  of  the  age.  Such  a  curve  appears  to  be  a  means 
of  following  the  development  of  hydration  and  it  could  be  a 
means  of  determining  a  type  of  final  set.  This  would  be 
made  by  finding  the  Intersection  of  the  two  separate  portions 
of  the  curves.  On  Figure  7  this  would  be  at  approximately 
15  hours. 

When  data  of  all  mixes  were  compared  for  early  ages 
it  became  evident  that  meaningful  and  practical  determinations 
of  concrete  quality  could  not  be  made  from  pulse  velocity 
determination  at  early  ages. 

At  later  ages  pulse  velocity  was  measured  iiiraediately 
prior  to  compression  testing  of  specimens.  The  results 
are  shown  in  Figure  8  and  as  expected  a  pulse  velocity  did 
not  correspond  to  any  given  concrete  strength.,  A  general 
trend  is  evident  but  the  intermingled  points  for  different 
mixes  illustrate  that  pulse  velocity  does  not  promise  to  be 
a  good  quality  control  measurement  for  concrete  in  construction. 
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Evaluation  of  Bridge  Decks 

A  field  investigation  of  the  usefulness  of  pulee-velocity 
equipnent,  the  V-Scope,  in  establishing  the  extent  of  horizontal 
landnation  in  bridge  decks  was  conducted  in  cooperation 
vith  the  Indiana  State  Highway  Commission's  Research  and 
Training  Center.  Their  personnel  conducted  a  number  of  tests 
on  bridge  decks  with  the  transducers  placed  on  opposite  sides, 
top  and  bottoB,  of  the  deck^  hence  they  measured  directly 
through  the  deck.  They  were  able  to  establish  areas  with 
reduced  velocities  which  proved  to  be  the  llisits  of  delawLnatios 
when  malntesance  cs:@(?s  removed  upper  portions  of  the  concrete 
deck  which  was  not  intergral  with  the  renalnder  of  the  decks. 

The  use  of  this  procedure  necessitated  access  to  the 
bottom  of  the  slab.  On  some  structures  this  can  present 
considerable  problems.  In  any  case,  it  is  a  reliable  way  of 
assuring  continuety  of  concrete.  Unsound  concrete,  as  well 
as  cracks  or  void  areas  in  otherwise  sound  concrete  can  be 
determined  by  this  procedure. 
Influence  of  Beinforcing  Steel  on  Pulse  Velocity 

A  question  frequently  asked  by  engineers  contemplating 
applications  of  pulse  velocity  measurements  in  concrete 
has  been:  Hhat  is  the  influence  of  reinforcing  steel  on 
pulse  velocity  measurements  througih  reinfoscced  concrete? 
To  establish  whether  or  not  reinforcing  steel  was  a  factor 
a  small  laboratory  investigation  was  conducted.  Concrete 
specimens  having  steel  varying  from  0  to  6%  by  volume  of  the 
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specimen  vere  utilized. 

Each  specimeQ  was  12  inches  by  12  inches  at  the  base  with 
8  height  of  18  inches.  The  concrete  mix  proportions  are  de~ 
signatad  aa  mix  H  in  Table  No.  2.  Four  specinens  were  icade 
with  the  steel  tied  frith  No.  9  wire  and  arranged  as  follows: 


Mix  1:  No  steel 


Mix  2:  Eight  No.  5  bars 


Mix  3:  Eight  No.  8  bars 


Mix  4:  Twelve  No.  8  bars 


The  specimens  were  cured  with  damp  doth  and  plastic 
for  two  weeks  then  left  unprotected  in  the  laboratory  for 
fourteen  months  before  the  pulse  velocity  readings  were  made. 

Pulse  velocity  measurements  were  made  from  five  locations 
on  each  side  through  the  specimen  to  its  corresponding  location 
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on  the  other  side.  A.  total  of  ten  paths,  were  lasasured 
thsough  the  12  inch  dimension  of  the  specimen.  Measurenents 
were  also  made  with  receiver  and  transnitter  transducer  positions 
reversed.  Measureoents  were  repeated  on  three  different  days 
with  the  result  that  six  seasureneat  were  oade  on  each  path. 

Readings  were  consistently  within  several  oaicroseeonds 
on  all  specimens,  ie.  they  ranged  between  72  end   76  taicroseconds. 
The  average  poise  velocity  measureiBent  of  13,500  feet  per  second 
for  the  nonreinforced  specimen  was  also  the  average  for  the 
steel  reinforced  specimens  including  up  to  6  percent  steel 
by  volume. 

When  measurement  paths  were  between  top  and  bottom  of 
the  specimen,  ie.  parallel  to  the  steel,  the  results  were 
nearly  as  consistent  but  the  velocities  were  nearly  1000 
feet  per  second  greater  than  those  through  either  the  non- 
reinforced  specimen  or  measurements  transverse  to  the  steel. 

?.t  was  concluded  from  this  work  that  the  pulse  velocity 
measurements  of  concrete  are  not  appreciably  influenced  by 
reiiifGiTcing  s'ceel  which  crosses  the  path  through  which  the 
measurement  is  made. 
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Suamary  of  Applications 

Throughout  this  project  the  establishment  of  applications 
of  this  equiputent  to  highway  uses  has  been  the  priae  goal. 
SoBte  portions  of  the  project  have  Indicated  potential  applications 
of  real  benefit  vhiie  others  have  not«  Both  positive  and 
negative  results  are  hopefully  of  value  when  used  as  a  guide 
to  the  efficient  use  of  this  equipment  and  development  of 
other  equipment. 

Non-destructive  pavement  thickness  determinations  cannot 
be  made  with  sufficient  accuracy  to  warrent  the  use  of  this 
equipment  for  such  purposes  on  pavement  slabs  on  grade. 

Eesonant  frequency  tests  and  determination  of  dynamic 
Youngs  modulus  may  easily  be  determined  with  the  equipment. 
Of  special  merit  is  the  use  of  the  pulse  velocity  apparatus 
on  laplaee  materials  to  find  the  dynamic  Youngs  modulus. 

Pulse  velocity  was  not  found  to  be  an  acceptable  method 
for  evaluating  fresh  concrete  during  construction  or  as  a 
measure  of  compressive  strength  at  later  ages. 

Pulse  velocity  la  aa  excellent  means  of  determining  the 
continuity  of  concrete.  Cracks,  voids  or  general  deterioration 
will  reduce  the  velocity.  For  this  reason,  it  was  successfully 
used  in  describing  areas  of  a  bridge  deck  which  needed  major 
repairs  due  to  horizontal  lamentation  in  the  deck. 

Reinforcing  steel  in  conventional  quantities  and  fabrication 
does  not  change  the  pulse  velocity  measurements  obtained 
on  concrete. 
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